INTRODUCTION
Copper is a key trace mineral in mink nutrition in terms of its role in growth and normal pigmentation of fur (Ishizaki et al., 2010) . Besides being an essential nutrient, Cu has received considerable attention due to its growth-promoting and antimicrobial properties in animals when it has been fed at prophylactic levels (Zhou et al., 1994b; Luo et al., 2005; Pang et al., 2009; Lu et al., 2010) . Studies by Dove and Haydon (1992) and Dove (1995) have indicated that addition of 250 ppm of Cu improved digestibility and utilization of the fat in weaned pigs. Similarly, dietary Cu supplementation may have beneficial effects on digestibility and utilization of the fat of mink because typical mink diets usually contain considerable amounts of the fat in mink (NRC, 1982) .
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MATERIALS AND METHODS
The experiment was performed at the Teaching and Research Farm of the Institute of Special Economic Animal and Plant Science of the Chinese Academy of Agricultural Sciences (Jilin, China). The protocol for the experiment was reviewed and approved by the Institutional Animal Care and Use Committee at Chinese Academy of Agricultural Sciences (Beijing, China).
Animals, Diets, Management
One hundred and fifty 24-wk-old male mink (initial BW: 1.87 ± 0.15 kg) were used as experimental animals. Before the initiation of this study, the mink were fed for a 10-d adaption period with gradual introduction of the basal diet (without Cu supplementation). After the adaption period, the mink were randomly distributed to 10 treatments in a 3 × 3 + 1 factorial arrangement in such a way that average age and mean body weight was similar (P > 0.10) among the treatments. Factors in the model were 3 sources of Cu (CuSO 4 , TBCC, and CuMet) fed at 3 dietary levels (50, 100, and 150 mg/kg) and the control. The basal diet consisted of corn, fish meal, meat and bone meal, and soybean oil, with no Cu supplementation and was formulated to meet the Cu requirements of growing mink (NRC, 1982 The animals were individually housed in opensided sheds in mink-growing cages (60-cm long × 40-cm wide × 50-cm high) with additional attached nest boxes (30 cm long × 40 cm wide × 30 cm high). All animals were vaccinated with distemper and canine parvovirus before the study started. Mink had ad libitum access to feed and tap water (less than 0.01 mg Cu/L by analysis) throughout the study.
Blood Sampling
Blood samples were taken via the toe clip from mink in the morning after overnight fasting and before sacrifice. About 8-mL blood samples were collected in 2 separate tubes, 1 heparinized and 1 without an antico- 1 Contained the following per kg of premix composition: vitamin A palmitate, 1,000,000 IU; vitamin D cholecalciferol, 200,000 IU; vitamin E acetate, 6,000 IU; vitamin B 1 thiamine hydrochloride, 600 mg; vitamin B 2 riboflavin, 800 mg; vitamin B 6 pyridoxine hydrochloride, 300 mg; vitamin B 12 cobalamin, 10 mg; vitamin K menadione, 100 mg; vitamin C sodium ascorbate, 40,000 mg; nicotinic acid, 4,000 mg; vitamin B 5 niacin, 1,200 mg; biotin, 20 mg; folic acid, 80 mg; choline, 30,000 mg; Fe, 8200 mg; Mn, 1200 mg; Zn, 5,200 mg; I, 50 mg; Se, 20 mg; Co, 50 mg.
2 Additive amount of methionine: CuMet50, 2.76 g; CuMet100, 2.52 g; CuMet150, 2.29 g; other group, 3.00 g. agulating substance. Samples were immediately transferred to the lab where plasma and serum were subsequently separated by centrifuging the whole blood samples at 2500 × g at 4°C for 5 min. The heparinized plasma samples were frozen at -20°C until analysis for Cu, Zn and Fe concentrations. Serum samples were frozen in −80°C until analysis for ceruloplasmin concentration and Cu-Zn superoxide dismutase activity.
Metabolism Trial
On Day 34 of the study, 10 animals from each treatment group were selected randomly and housed individually in metabolic crates that allowed separation of urine and feces to determine nutrient digestibility and Cu, Zn and N balance, based on the method described by Jørgensen and Glem-Hansen (1973) . The mink were assigned to the same treatments and feeding routines as the early trial so the animals received ad libitum feed and water. Plastic trays and bottles were used to collect feces and urine, respectively, to avoid metal contamination. After a 4-d adaptation period in the metabolic cages, feces and urine samples were collected for 4 d. During the collection period, daily feed refusals were weighed and samples were collected into separate polythene bags for subsequent chemical analysis. Excreta was collected over 24 h and weighed at 0700 and 1800 h. Suitable aliquots (20 g/100 g excreted) of feces were sampled for chemical analysis. Urine excreted in 24 h was collected into plastic bottles, measured daily at 0900 h, and suitable aliquots (10 mL/100 mL excreted) were collected and pooled into Kjeldahl flasks containing a 10% solution of sulfuric acid for N determination. Sufficient aliquots of urine (10 mL/100 mL excreted) were also collected, pooled, and frozen (-20°C) for later mineral analysis.
Organ and Tissue Sampling
At the end of the feeding trial, all mink were euthanized in accordance with normal farming practice and their livers, kidneys, hearts, and spleens were removed for the determination of Cu, Zn, and Fe accumulation. Twenty to thirty mink were killed by gas (CO 2 ) in a killing box, according to The Welfare of Animals Kept for Fur Production (Broom and Fraser, 2007) .
Chemical Analysis
Diets were analyzed for crude fiber (Method 978.10; AOAC, 2005 , 2005) . Crude carbohydrate was calculated as the difference by subtracting ash, crude fiber, CP, and fat from the DM content. Amino acids in the diets were analyzed on an HPLC AA analyzer (Chrom Tech, Apple Valley, MN) using ninhydrin for postcolumn derivatization and norleucine as the internal standard. Samples were hydrolyzed with 6 N HCl for 24 h at 110°C (Method 994.12; AOAC, 2005) . Methionine and cystine were determined as Met sulfone and cysteic acid after cold performic acid oxidation overnight before hydrolysis (Method 994.12, alternative 3; AOAC, 2005) . The ME content of feed was calculated on the basis of the concentrations of CP, fat and carbohydrates, digestibility coefficients reference for Danish Standard Values for the individual feedstuffs, and the following values for the content of ME per unit of digestible nutrients (KJ/g): CP, 18.8; crude fat, 39.8; and crude carbohydrates, 17.6 (Hansen et al., 1991) . Copper, Zn, Fe, Ca, and P concentrations of feed, tissue, feces, urine, and plasma were analyzed by Flame Atomic Absorption Spectroscopy (Shimadzu Scientific Instruments, Kyoto, Japan; Method 999.10 or method 985.01; AOAC, 2005). Plasma samples were prepared according to Solaiman et al. (2001) . Ceruloplasmin activity was determined using a ceruloplasmin ELISA kit (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) and the procedures followed were in accordance with instructions in the kit. The Cudependent enzyme activities of serum Cu-Zn superoxide dismutase were tested by means of commercially available assay kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Nutrient digestibility (Ahlstrøm et al., 2006) and N balance (Dahlman et al., 2002; Gugołek et al., 2010) were calculated by standard methods as described elsewhere.
Statistical Analysis
Data were analyzed as a 3 × 3 + 1 factorial experiment based on a completely randomized design using the GLM procedure (SAS Inst. Inc., Cary, NC). Data were analyzed as repeated measures with a model containing source, level, and source × level. Serum ceruloplasmin and liver Cu data were used to estimate relative Cu bioavailability from TBCC and CuMet, using CuSO 4 as the standard source, by multiple linear regression and a slope ratio method (Littell et al., 1997) . Linear and quadratic effects due to Cu level were determined. An α-value of 0.05 was used to assess significant differences among means and P > 0.05 and < 0.10 was considered a trend.
RESULTS

Plasma Minerals
There were no level × source interactions for any of the analyzed minerals. Cu-fed treatments had greater plasma Cu concentrations compared with the control group (P < 0.05, Table 2 ). Copper level had a significant effect on plasma Cu concentrations (P < 0.001). In contrast, Cu source had no significant effect on plasma Cu concentrations. Furthermore, effect of level of Cu was linear (P < 0.01) for plasma Cu concentrations. Copper supplementation had no effect on plasma Zn concentrations or plasma Fe concentrations (P > 0.05).
Serum Traits
Copper level had a significant effect on ceruloplasmin concentration and Cu-Zn superoxide dismutase activity (P < 0.01, Table 2 ). In contrast, Cu source had no significant effect on ceruloplasmin concentration or Cu-Zn superoxide dismutase activity. Furthermore, Cu-fed treatments had greater ceruloplasmin concentration or Cu-Zn superoxide dismutase activity (P < 0.05) compared with the control group. Effect of level of Cu was linear (P < 0.01) for ceruloplasmin concentration or Cu-Zn superoxide dismutase activity.
Nutrient Digestibility
Neither Cu source nor level affected DM or CP digestibility (Table 3) . Copper level had a significant effect on apparent fat digestibility (P < 0.01). Effect of level of Cu was linear (P < 0.05) for apparent fat digestibility or ash digestibility.
Nitrogen and Copper Balance
Intake of Cu and fecal Cu increased linearly (P < 0.05) with the level of Cu (Table 4) . Urinary Cu excretion was elevated with increased Cu intake (P < 0.05). However, the excretion constituted only 0.3 to 1.5% of the total Cu intake. Cu-fed treatments had a greater Cu retention compared with the control group (P < 0.05). Nitrogen intake, fecal excretion N, and urinary excretion N were not affected by level and source of Cu. In addition, supplemental dose of Cu linearly increased (P < 0.05) N retention. a-c Within a row, means without a common superscript differ (P < 0.05).
1 CuSO 4 = copper sulfate; TBCC = tribasic copper chloride; CuMet = copper methionine.
2 SEM, pooled standard error of the mean.
Tissue Copper, Zinc, and Iron Levels
Copper level and Cu source had no effect on kidney concentrations of Cu, Fe, or Zn ( Table 5 ), indicating that final levels of these elements were similar across treatments. An effect of source and dose of Cu on liver Cu was found (P < 0.05). The concentration of liver Cu of the mink fed Cu supplemental diets was greater (P < 0.05) than those of the control group. Supplemental dose of Cu linearly increased (P < 0.05) liver Cu and decreased (P < 0.05) liver Fe level but did not alter (P > 0.10) liver Zn. The spleen concentrations of Cu, Fe, or Zn show the same variations with the liver results.
Relative Bioavailability Values
Regression equations for serum ceruloplasmin and liver Cu on supplemental Cu intake are found in Fig. 1 and 2 . Bioavailability of CuMet and TBCC relative to CuSO 4 was estimated from serum ceruloplasmin levels and from liver Cu concentration using multiple linear regression and a slope ratio method. CuMet was more bioavailable than CuSO 4 based on linear regression of serum ceruloplasmin and liver Cu. Compared with CuSO 4 (100), relative bioavailability values of TBCC were 104 and 104%, based on serum ceruloplasmin and liver Cu, respectively, and relative bioavailability values of CuMet were 130 and 111%. 1 CuSO 4 = copper sulfate; TBCC = tribasic copper chloride; CuMet = copper methionine.
DISCUSSION
Plasma Minerals
The variable amount of Cu stored in liver acts to maintain plasma Cu concentrations even in the face of low Cu supply (Harris, 1997) . Measurement of plasma Cu or serum ceruloplasmin, although convenient markers of Cu nutritional status, are relatively insensitive indices of tissue depletion (Shurson et al., 1990; Kegley and Spears, 1994; Arthington et al., 2003) . Copper levels were reflected in plasma Cu concentrations within the physiological range (Feng et al., 2007) . Mink fed 116 mg/kg Cu during the growth and furring period (July−November) had a mean serum Cu concentration of 0.7 ± 0.4 mg/L (Mejborn, 1989) , which is the same as the level detected in the present study. At the end of the trial (d 42), all the treatments consistently increased plasma Cu concentrations, suggesting that the absorption of Cu from the diets was sufficient to meet or exceed the requirement during this period of time. Assessment of Cu status is complicated by the fact that normal ranges for plasma Cu differ greatly between species. However, these plasma Cu concentrations were within the normal range (0.4 to 1.5 mg/L) for mink (Aulerich et al., 1982; Powell et al., 1997; Wang, 2012) .
Serum Traits
Copper is an essential part of ceruloplasmin and Cu-Zn superoxide dismutase (Vivoli et al., 1995 , Santi et al., 2011 . In most species (except birds), ceruloplasmin is the main form of Cu in serum and is believed to be the major protein that transports Cu to extrahepatic tissues (Meyer et al., 2001; Das et al., 2007) . Our result of ceruloplasmin was similar to those found by Feng et al. (2007) , who indicated that the activity of serum ceruloplasmin was greater in pigs fed a diet supplemented with 250 mg of Cu from CuSO 4 . DiSilvestro (1990) found rat ceruloplasmin activity increased with increasing Cu dosage. However, Ma and Li (2009) suggested that the Cu levels in meat rabbit diets had no significant effect on the activities of Cu-Zn superoxide dismutase and ceruloplasmin in serum. In our experiment, the activity of Cu-dependent enzymes was enhanced by increasing dietary Cu concentration.
Nutrient Digestibility
The apparent digestibility of CP and fat in this trial were slightly lower compared with values reported in other trials (Ahlstrøm and Skrede, 1998; Hellwing et al., 2005; Zhang et al., 2011) . This is likely due to the composition of the diet. According to Ahlstrøm and Skrede (1995) , a major factor influencing the digestibility of nutrients is increasing the fat: carbohydrate (F:C) ratio. The digestibility of CP increased whereas that of carbohydrates decreased with the F:C ratio increasing. The increase in dietary fiber and fat content may interfere with the apparent digestibility of CP and fat in the present experiment. In our study, fat digestibility was increased with increased Cu levels. Similar results have been reported in mink (Wu et al., 2012) , in pigs (Dove, 1995, Luo and Dove, 1996) , and in Black Bengal kids (Datta et al., 2007) . Luo and Dove (1996) reported that the addition of 250 mg/kg Cu improved digestibility and utilization of the fat in weanling pigs. The improvement in apparent fat digestibility due to Cu addition (more than 48 mg/kg) observed in the present study and the previous study may also be partially due to increased lipase and phospholipase A activities in the small intestine (Dove, 1995, Luo and Dove, 1996) . Moreover, Cu functions biochemically as a component of several Cu-dependent enzymes and as a cofactor for numerous other enzymes (Linder and Hazegh-Azam, 1996) . It is possible that high dietary Cu concentrations enhanced growth of mink by stimulating activities of the enzymes involved in nutrient utilization. Studies by Mejborn (1989) on CuSO 4 supplementation of mink diets indicated that 75 to 90% of the Cu intake was excreted in the feces and that urinary Cu excretion was elevated with increased Cu intake. This high excretion of Cu can increase bile excretion (Gross et al., 1989; Harada et al., 1993) . The primary function of bile is to emulsify fats in the small intestines and correspondingly to promote fat digestibility (Yago et al., 2005; Turnbaugh, 2012) . To our knowledge, this field of research is unexplored in mink and further investigations to better understand the relationships between fat digestibility and Cu supplementation are needed.
Nitrogen and Copper Balance
Our study, N retention was increased with the increase in dietary Cu levels. Similar results have been reported in pigs (Dove, 1995; Luo and Dove, 1996) and in mink (Wu et al., 2012) . Little is known about the effects of dietary Cu on N balance in mink but information is available for pigs. It is well known that protein synthesis in the body is regulated by hormones and other growth factors. Zhou et al. (1994a) demonstrated that Cu given by either intravenous injection or orally increased serum mitogenic activity (mitogenic peptides, an indicator of blood growth factor activity) in weaning pigs and increased pituitary growth hormone mRNA concentration (Zhou et al., 1994a) . Copper had also been shown to stimulate growth hormone secretion from bovine pituitary explants in vitro (LaBella et al., 1973) . Therefore it is possible that Cu enhances protein retention and protein synthesis by stimulating growth hormone and growth factors in mink.
Assessing the absorption of Cu is a complex matter, considering the numerous interacting factors that can influence the results. The endogenous contribution, such as biliary and gastrointestinal secretions and sloughed mucosal cells (Sandström et al., 1993) , should also be taken into consideration. To date, there are few reports on Cu absorption and homeostasis in terrestrial carnivorous species such as the mink. In the present study, the apparent absorption of minerals showed large individual variation, which is in line with other studies on species such as polar foxes (Szymeczko et al., 2005) and dogs (Hill et al., 2001) . A gradual decrease in the apparent absorption of Cu with increasing levels of Cu agrees with results reported previously. Studies by Mejborn (1989) on CuSO 4 supplementation of mink diets indicated that 75 to 90% of the Cu intake was excreted in the feces and that urinary Cu excretion was elevated with increased Cu intake. However, the excretion constituted only 0.3 to 1.5% of the total Cu intake, which is consistent with the present findings.
Tissue Copper, Zinc, and Iron Levels
There was a general increase in hepatic Cu concentrations with increasing dietary Cu levels, which is consistent with previous reports for mink (Aulerich et al., 1982; Bush et al., 1995) and some other animals (Luo and Dove, 1996; Chowdhury et al., 2004) . These data also suggest that mink may be similar to sheep in that liver Cu stores increase in proportion to dietary Cu intake ( Suttle and Mills, 1966) . In contrast, species at no risk (i.e., nonruminants) have good control over absorption and biliary secretion and thus maintain low liver Cu levels over a wide range of dietary Cu (Suttle, 2010) . The organ with the greatest Cu concentration is the liver, with 5.1 mg per gram of wet weight respectively (Cartwright and Wintrobe, 1964) . Because the liver is 1 of the main organs involved in the storage and metabolism of Cu, liver Cu concentration might be considered indicative of an animal's Cu status (Bailey et al., 2001 ). In our study, the Cu concentrations in the liver were considerably greater than normal for most adult nonruminant animals (10 to 50 mg/kg Cu, DM; Suttle, 2010) but were within the broad range reported by Fisher (1975) . These data suggest that mink may be similar to sheep, which store large amounts of Cu in the liver and are particularly sensitive to Cu toxicosis (Ledoux et al., 1996) . The results of this study found Cu supplementation decreased the Fe concentrations in spleen and liver, which is consistent with reports for mink (Bush et al., 1995) . Ceruloplasmin oxidizes Fe 2+ before transferrin binding (Miyajima, 2003) . The absence of ceruloplasmin does not produce marked changes in Cu metabolism. However, it does produce a gradual accumulation of Fe in the liver and other tissues (Harris et al., 1995) . During Cu deficiency, Fe transport within the body is adversely affected and Fe tends to accumulate in many tissues (Arredondo and Nunez, 2005) . Thus, the absorption of Cu may be influenced by complicated interactions between Cu and other elements, such as Mo, Zn, Fe, and S. These interactions are poorly understood in the mink and further research into the relationship between Cu and other elements is therefore necessary.
Relative Bioavailability Values
Little is known about the relative bioavailability of Cu sources in mink but information is available for other animals. Copper in the form of Cu-Lysine, CuMet, and Cu-P is usually considered for use in animal diet as alternatives to inorganic Cu sources (CuSO 4 , TBCC). The improved bioavailability of Cu is probably due to better absorption, which enhances its efficiency (Kincaid et al., 1986; Ledoux et al., 1991; Guo et al., 2001; Mondal et al., 2007) . The relative bioavailability value of CuMet obtained in this study was slightly greater than that of CuSO 4 and TBCC.
Conclusions
The results of the present experiments indicate that the Cu in CuMet and TBCC is as available and as safe for mink as that in CuSO 4 . Thus, CuMet and TBCC can be used by the feed industry as sources of supplemental Cu. The data from this trial indicate that Cu plays an important role in the digestion of dietary fat in mink.
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